Constructed wetlands can be used for reducing nonpoint-source pollution and providing ecological services in a watershed. This paper presents a field monitoring study on water quality improvement in constructed wetlands of five cells in series. The wetland system covers 59.9 ha, or 0.08% of the watershed area; it diverts 7.3 million m 3 (hm 3 ) water (or 4.3% annual flow) from a degraded river. The results showed that the hydraulic retention times (HRT) of the five cells ranged from 5 to 15 days, 18.4% inflow was lost to seepage and increased evapotranspiration (ET) in the wetlands; the wetlands retained 99.1% total suspended solids (TSS), 60.9% total phosphorus (TP), and 54.4% total nitrogen (TN) from the inflow. Major reductions of TSS and TP were observed in the first two large cells that occupied 57% of the total wetland area. The smaller cells did not show advantages over the bigger ones in pollutant retention as reported in some studies. Although significant water quality benefit can be achieved by the constructed wetlands, the increased water loss may be a concern, particularly in dry regions.
Introduction
Rapid economic development and population growth in recent decades have caused severe damage to the ecological environment of China. Many rivers are heavily loaded with pollutants, and many wetlands have been either destroyed or severely impaired due to reduced inflow and pollution. Constructing wetlands has been recognized as a viable and economical option for controlling watershed nonpointsource pollution (Fink and Mitsch 2004 , 2007 , Verhoeven et al. 2006a . In a review of the existing wetland studies in the Mississippi River Basin, Mitsch and Day (2006) suggested that by converting 1-2% of the total catchment area into riparian wetlands, the total nitrogen load carried by the Mississippi River into the Gulf of Mexico may be reduced by 20-50%. Based on the reported wetland studies in the USA, Sweden and China, Verhoeven et al. (2006b) pointed out that wetlands should cover at least 2-7% of the catchment area in order to achieve significant water quality benefit.
The ideal location of wetlands for nonpoint-source pollution control is the riparian zone that lies between the water body (river channels) and the pollution sources. This can be achieved by diverting all or part of the river flow into adjacent constructed wetlands and returning the treated water back to the river. The effectiveness of such a practice is influenced by the available space, which may limit both the area and the layout of the wetlands (Mitsch et al. 2005b , Tang et al. 2009 , Neill et al. 2011 . So identifying the required area and optimal layout of constructed wetlands is critical for effective retention of pollutants. It is generally agreed that a higher rate of pollutant retention can be achieved with either longer hydraulic retention times (HRT) or higher initial concentrations (Green et al. 1995 , Vymazal 2006 ). This can be demonstrated by the general first-order pollutant removal equation as proposed by Kadrec and Knight (1996) . But such a relationship is often obtained from studies conducted in laboratory-or mesoscopic-scale constructed wetlands under a controlled environment, in which different HRTs and initial concentration scenarios can be tested. Field conditions are often more variable and hard to control.
Wetlands consisting of multiple cells in series may offer a unique opportunity to observe gradual improvement of water quality through biogeochemical processes in wetlands at different stages. Hathaway and Hunt (2010) reported a monitoring study in wetlands of three cells in series in North Carolina, USA. They found significant removal of pollutants in the first cell, but no substantial removal in the other two cells. Thus, they concluded that constructing wetlands with a serial layout may not have much advantage in retention of pollutants. In this paper, we present a field monitoring study on water quality improvement through a constructed wetlands consisting of five cells in series along a degraded river in Xi'an, China. The inflow to the wetlands was diverted from the river. The layout provides a good opportunity to examine the dynamics of different pollutants under variable HRTs and initial concentrations. The objectives of this research were to (1) investigate the water quality dynamics of different pollutants based on water balance through the five serial wetland cells of different sizes and shapes and (2) identify the key factors in water quality improvements in the wetland system in order to assess the potential implications of wetland construction on water quality and water balance of the watershed.
Material and methods

Site description
The constructed wetland system is located near the Chan River in Xi'an, China. The annual mean temperature of Xi'an is 13.3°C, and the average annual precipitation is 541 mm. As illustrated in Figure 1 , the constructed wetland system is situated between a hilly loess plateau and a flat floodplain along the Chan River, 22 km upstream of the river mouth. The Chan River has a drainage area of 760 km 2 and average annual flow volume of 170 hm 3 . The watershed consists mainly of rural and hilly areas, and its water quality is impacted mostly by nonpoint-source pollution from upstream crop fields and villages. The construction site was originally part of the old river floodplain, which was mined for sand before being used for city landfill in the 1980s. In 2002, the site was reclaimed by removing the waste and constructing wetlands of five cells in series. The major works were completed in 2004, including building flow channels and water level control structures at the inlet and outlet of each cell. Water diverted from the river enters the wetlands through an earth channel, and flows through the five cells before being discharged back to the river from the outlet of the last cell. The total length of the wetland cells along the river is 5190 m, including 1000 m of connecting channels less than 1 m wide and deep. Table 1 lists the areas and dimensions of the wetland cells, including the length, width and water surface area. The total surface area is 59.9 ha, which is about 0.08% of the total watershed area. The five cells are named in order as Cell 1, 2, 3, 4 and 5 from upstream to downstream, as shown in Figure 1 . The length to width ratio of the five cells ranges from 2.9 to 11.0. The average depth of the five cells is about 1.5 m. There were few emergent aquatic plants in the wetlands; but some sections were densely populated with submerged plants, predominantly Myriophyllum spicatum L., indicating eutrophication conditions in the water. Monitoring for water quality and flow was conducted for 12 months from July 2007 to June 2008.The average concentration was computed as the arithmetic mean, and the total mass (m) was computed as weighted averages using monthly flow rate (q) and concentration (c):
As shown in Figure 1 , sampling points at the outlet of each of the five cells plus one at the side of the river were selected to monitor water quality changes throughout the wetland system. Water sampling was conducted monthly to measure temperature, dissolved oxygen (DO), total suspended solids (TSS), biological oxygen demand (BOD), chemical oxygen demand (COD cr ), total nitrogen (TN) and total phosphorus (TP). Water samples were collected at the half-depth of the wetlands and immediately taken in for laboratory analysis. The water sample analyses were conducted following the standard procedures recommended by the Ministry of Environmental Protection of China (MEC-PRC, 2001) . To examine the water quality status, measured concentrations were compared with the National Surface Water Quality Standards of China (MEC-PRC, 2002) . The standards define Class V as the worst quality water that is suitable only for agricultural and landscape irrigation use, Class IV as suitable for general industrial and non-contact recreational use, Class III as suitable for the second level domestic water supply, fisheries and swimming uses, Class II as suitable for the first level domestic water supply and use in aquatic life nurseries, and Class I as suitable for sources and national nature reserves uses.
Implications for watershed pollution control
Based on the observed pollutant concentration reductions and water balance calculations, the impact of wetland construction on water loss and pollutant retention in the watershed can be estimated. For ease of understanding, we define a wetland area ratio (α) and a wetland diversion flow ratio (β) as:
where A is wetland area and A r is watershed area, W is annual volume of wetland inflow diverted from the river and W r is average annual flow of the river. The pollutant reduction rate (e) through the wetland system is the summation of rates of the five cells:
where e i is the pollutant reduction rate in Cell i; it is simply the ratio of the mass of a pollutant in the outflow (m out,i ) to the mass in the inflow (m in,i ) of Cell i:
Ignoring changes of river flow rate, the reduction of pollutants through the wetland will contribute to water quality improvement in the river, and the reduction rate of pollutants in the river (e t ) can be expressed as:
To evaluate the efficiency of pollutant reduction in the wetland system and in each cell, we introduce a dimensionless ratio (ξ) as the pollutant retention ratio over the areal ratio, which can be calculated for the whole wetland system and each cell as:
where α i is the areal ratio of Cell i. The value of ξ indicates how much pollutant reduction can be achieved by converting unit area of the watershed to wetlands.
For a wetland construction site, net water loss is due to increased ET and deep seepage. To evaluate such negative effects on river flow, we define a water loss factor (μ) as:
Where dw is the water loss ratio defined as annual net water loss over the average annual river flow.
Water balance of the wetland
Direct measurement of total water balance through the wetland cells was difficult because the flow inlet of Cell 1 was frequently silted due to the high sediment content of the river water. Also, large boulders left from previous sand mining scattered in the wetlands made it extremely difficult to observe bed seepage with monitoring wells. Therefore, we used the following methods with some assumptions for estimating water balance in the wetland cells:
(1) Surface runoff from the surrounding area was not included in the water budget because of the limited number of large storms and the very narrow strip areas on both sides of the wetlands, as shown in Figure 1 . There is no lateral seepage from the river to the wetland cells because the river channel is situated at a lower elevation.
(2) Inflows to the wetland cells include the diversion from the river to Cell 1 and rainfall over the entire surface area of the five cells; outflows from the wetlands include discharge from Cell 5, water losses through deep seepage, and evapotranspiration (ET) from the water surface and vegetation.
(3) According to the measured outflow discharge from Cell 5 and water level changes in different cells, the deep seepage rate was estimated from a period when there was no inflow to and outflow from the wetlands. The inflow to Cell 1, i.e. diversion from the Chan River, was estimated on the basis of the general water balance.
The water balance calculation was conducted by the following procedures.
Outflow and water level measurements
Water level gauges were installed to record fluctuations of water level in the five wetland cells. Outflow discharge of the whole system was measured at the outlet of Cell 5. The discharge channel from Cell 5 to the river is a reinforced circular concrete culvert with a 100 cm diameter. The culvert was straight and 120 m long, making it reasonable to assume that flow reaches a steady state in the channel, and the flow rate can be calculated using the Chézy equation:
where A f is the cross-sectional area of flow, R is the hydraulic radius, i is the hydraulic gradient, and C is the Chézy coefficient calculated by Manning's equation:
where n is the roughness of the concrete channel. A field survey yielded a gradient of 0.032 for the culvert, and the roughness of the concrete channel was selected as 0.011. Water depth inside the culvert was measured 2-3 times weekly or more frequently when rapid changes in flow rate were observed.
Rainfall and PET estimate
Rainfall data were obtained from a weather station about 5 km from the site, and potential evapotranspiration (PET) was estimated by Hargreaves's method (Hargreaves and Allen 2003) , which can be written:
where ET har is the original PET, T x and T n are daily maximum and minimum temperatures (in°C), R a is the solar radiation (in MJ/(m 2 d)) at the top of the atmosphere. The calculated PET values were then corrected with a regression model proposed by Fan (2007) based on a lysimeter study conducted in the study area:
where ET har,0 is the corrected PET.
Bed seepage estimate
The bottom of the wetlands was mainly composed of a lowpermeable loess soil, which was simply compacted to prevent excessive seepage. Published groundwater monitoring data showed that the site has a relatively deep water table. As mentioned earlier, the wetlands are situated at higher elevation than the river channel; as the riverbed is made up of a thick sand layer, deep seepage from the wetland cells may dissipate quickly down to groundwater or laterally to the surrounding area. Therefore, we assume that seepage occurred as free infiltration with a unit hydraulic gradient.
The seepage volume W D in a time interval t can be calculated as:
where K is the seepage rate, and A is the bed area that approximates to the surface area of the wetland system as listed in Table 1 . Because direct measurement of K is difficult at the site, we calculated it with an indirect method based on water balance. During the dry periods, the river flow decreased sharply and there was no inflow or outflow to and from the wetlands; the resulting water balance equation can be written as:
where ΔW is the change in total water volume, W P is the water input from rainfall, W ET is the water loss through ET, and W D is the water loss through seepage. Substituting Equation (12) into Equation (13), the bed seepage rate can be calculated as:
The volume of water lost through ET from the five cells was calculated by multiplying the daily ET rates by water surface area. During a dry period from 4 to 10 May 2008, neither inflow nor outflow was observed in the wetland system, though a small amount of flow still existed among the wetland cells. This no-flow period was chosen to compute the seepage rate by taking the whole system as one entity instead of individual cells. Because part of Cell 1 was filled with sediment, observed data from Cells 2 to 5 were used for calculating the seepage rate using the following equation:
where H D is the water level change caused by seepage during the no-flow period. Substituting the measured data as listed in Table 2 into Equation (15) yielded a seepage rate of 0.38 cm/d.
Water balance calculation
The water balance equation for each cell in a period can be written as:
where W in,i and W out,i are inflow and outflow of Cell i; W ET,i and W D,i are water losses though ET and seepage; ΔV i is the volumetric change of water, and W P,i is the water gain from rainfall in Cell i. Since the connecting channels between every two adjacent cells were short and small, seepage and ET losses in these channels can be ignored. The outflow from each upstream cell is the inflow to the next downstream cell:
For the first cell, W in,1 = W inflow , i.e. inflow is the diversion from the river; and for the fifth cell, W out,5 = W outflow , i.e. outflow is the discharge back to the river. With measured W outflow (W out,5 ) and other water balance components calculated with the procedure mentioned above for Cell 5, W in,5 , i.e. W out,4 , can be determined. Working backwards in bookkeeping order from Cell 5 to Cell 1, the diversion from the river (W in,1 ) can be calculated accordingly.
3 Results and discussions 3.1 Water balance and retention of TSS, TN and TP in the wetland Table 3 presents water balance results for the wetland system: the inflow from the river was 7.31 hm 3 , and the input from rainfall was 0.34 hm 3 ; the outflow back to the river was 5.97 hm 3 , and the water losses due to ET and seepage were 1.7 hm 3 . The net loss (inflow minus outflow) was 1.35 hm 3 , accounting for 18.4% of the inflow. Of the total water losses, 0.77 hm 3 was through seepage, and 0.93 hm 3 was through ET. If the input from rainfall (0.3 hm 3 ) was included, the water loss due to moisture deficit in the wetland system was 0.63 hm 3 , accounting for 55% of the total net loss. Figure 2 presents monthly rainfall during the monitoring period, along with the calculated monthly ET and the long-term average rainfall. The recorded total rainfall was 565 mm, which is close to the long-term average of 541 mm. During the monitoring period, most rainfall occurred between July and October. Based on the annual water balance data presented above, Table 4 lists the average HRTs for the whole system and each cell: Cell 1 had the longest HRT of 15.2 days; Cell 2 and Cell 4 had similar HRTs of 10.9 and 12.0 days, respectively; Cell 3 and Cell 5 had the shortest HRTs of 5.0 and 5.3 days, respectively. From Cell 1 to Cell 5, the combined HRT was 54.8 days in total.
Water balance
3.1.2 Reduction of TSS, TN and TP in the wetland Table 5 lists mass reductions of TSS, TN and TP in the wetland system. The mass reduction was 99.1% for TSS, 60.9% for TP, and 54.4 for TN. TSS was mostly removed in the first cell (87.2%), and further removed in the second cell (11.9%). TP was reduced by 31.3% in Cell 1 and 28.1% in Cell 2, accounting for 98% of the total reduction. TN was reduced by 37.7% in the first two cells, accounting for 69% of the total reduction. Overall mass balance showed that during the monitoring period the wetland system accepted 49.1 t TN, and 2.42 t was intercepted; the total input of TP was 360 kg, and 138 kg was intercepted by the cells. Table 6 lists annual mass reduction rates per unit area. The average annual reduction of TN was 445 kg/ha per year, more than 900 kg /ha per year in Cell 2, and 300 kg/ha per year in the other four cells. The average reduction rate for TP was 3.7 kg/ha Cell 5 (−0.9 kg/ha per year). The observed TN reduction rates were lower than, but of the same order as, the values reported by Verhoeven et al. (2006b) . The observed TP reduction rates, however, were one order lower than the values reported by Verhoeven et al. (2006b) . The reduction rates for TSS were extremely high in the two upstream cells, over 300 000 kg/ha per year in Cell 1 and 60 000 kg/ha per year in Cell 2; but they dropped to very small values in the three downstream cells. Both TSS and TP reduction rates varied considerably in the wetland system, from very high values in the two upstream cells to very low or even negative values in the three downstream cells. The negative values indicate that the internal production processes may have overshadowed the retention capacity of the pollutants after the sediment content of the inflow was significantly lowered in the two upstream cells.
Watershed implication
The constructed wetlands cover an area of 60 ha, which is about 0.079% of the watershed area. The water diverted was 6.08 hm 3 , accounting for 4.3% of the annual flow of the river. The reductions contribute to 4.3, 2.6 and 2.3% mass reductions of TSS, TP and TN, respectively, in the river. The retention efficiency (ξ) computed with Equation (6) was 54 for TSS, 33 for TP, and 30 for TN. These results indicate that, with 1% of the total watershed area converted to wetlands of a similar type, the reductions of TSS, TP and TN would be as high as 54, 33 and 30%, respectively. The required wetland area was very close to the low-end values for similar TN reduction recommended by Mitsch and Day (2006) and Verhoeven et al. (2006b) .
As mentioned above, the serial layout of the wetland cells can help identify critical nodes at which the required wetland area and shape can be determined for different pollutants by examining the gradual water quality change through each cell. Table 7 shows the relative contribution of pollutant retention in each cell. Highest reduction of TSS and TP occurred in the first two cells, which covered 57% of the total wetland area; therefore, the area of the first two wetland cells may be reduced to half to meet the recommended area ratio for TSS and TP retention, or 0.5% of the total watershed area for 33% TP retention, and 54% TSS retention. Note that the above predictions for watershed application were based on the monitoring results and assuming that similar pollutant reductions would be achieved for additional wetland construction.
This will be valid only if the physical conditions stay the same, particularly the initial concentrations. Thus, the conclusions will be more likely to be true for pollutant retention of around 20%, rather than the 40-50% for the watershed.
The water balance calculations showed that the net water loss from the wetland system was 1.35 hm 3 , accounting for 18.4% of the river diversion, and 0.8% of the annual river flow. To achieve the recommended wetland area ratio of 1% in the watershed, the wetland restoration area needs to be increased to 12.7 times the present area; the net water loss would increase to 10% of the annual river flow, which would be considered significant in the watershed. Based on the previous analysis, the 10% water loss consists of 55% consumptive use by wetlands (ET minus rainfall), which cannot be reduced, and 45% water loss due to deep seepage from the beds, which may naturally decrease over time as fine particles are deposited, or be artificially reduced by lining the bottom with less permeable materials. The water loss factor (μ) calculated by Equation (7) is 10, indicating that wetland area of 1% in the watershed would result in 10% net water loss from the river. For the study area, the average annual rainfall is 541 mm, wetland ET is 1567 mm, and the average water deficit (rainfall minus ET) is 1026 mm; the ratio of net water loss is very close to the wetland area ratio, i.e. each 1% wetland area would result in 1% net water loss. In drier regions, however, the increased water use by wetlands may pose water shortage problem.
Water quality dynamics
Because a pollutant in water will always be present at some level, its concentration change with time (dc/dt) can be described with a first-order reaction equation:
where c Ã is the residual or the irreducible concentration (Scheduler and Holland, 2000) and k is the overall decay rate. Schueler and Holland (2000) presented some c Ã values for wastewater and stormwater treatment facilities: 2-40 mg/L for TSS, 1-2.5 mg/L for TN, and 0.02-0.2 mg/L for TP. To discuss the current status and the potential improvement of water quality in this study, we defined the c Ã values in reference to the water quality standards of China (MEP-PRC 2002) as listed in Table 8 . Note that the standards are made according to the functions or services a water body is able to provide, e.g. the worst quality water (Class V) is designated as suitable for agricultural and landscape irrigation use. Figure 3 presents measured concentrations for DO, TSS, TN, TP, BOD and COD in the five wetland cells during the monitoring period. Measurements from the river represent the pollutants' initial concentrations. Figure 4 displays averages and ranges of the observed pollutant concentrations. Compared with the water quality standards (MEP-PRC 2002), a distinctive feature is that the river has high content of TN, but low TP and organic matter (OM). Figure 3 (a) displays measured DO in the five wetland cells. The average DO was 10.2 mg/L, which is nearly the saturation level. The DO concentration fluctuated moderately throughout the year except in September, when it dropped to near 5 mg/L in Cell 4. From October 2007 to March 2008, when the inflow was stable, DO concentrations in the wetlands were consistently higher than in the river, indicating that the DO level was not adversely affected in the wetland system. High DO is more likely to be caused by low consumption under a low OM situation, and re-aeration through oxygen diffusion and photosynthesis (Yalcuk and Ugurlu 2009 ). This is consistent with the findings by Mitsch et al. (2005a) , who stated that the importance of DO gradually decreases due to low nutrient concentrations in mature wetlands. Figure 3(e) and (f) displays the changes of COD and BOD in the river and the wetland system. There was no obvious seasonal variation in COD or BOD. The measured COD concentrations were generally lower than 20 mg/L, and BOD less than 5 mg/L. Figure 4(d) shows that COD concentration displays a symmetric "U" shape from upstream to downstream. The inflow COD concentration was 17.5 mg/L, which is in Class III (fair) water quality range. After Cell 2, COD concentration dropped to Class I (excellent) water quality range. The BOD concentration of the inflow was 3.77 mg/L, which is slightly higher than for Class I (<3 mg/L) water. The measured BOD concentration in the outflow from the wetlands was 1.68 mg/L.
DO and COD/BOD
There is no reported irreducible concentration range for OM. Due to the generally low OM content in the river and the wetlands, it is not surprising to observe a flat change and minor fluctuations of OM throughout the cells. The mechanisms controlling OM retention are oxidation and sedimentation. Wetlands can also be a source of OM due to plant growth. Longer HRT provides not only longer treatment time, but also a better chance for plant growth. Figure 5 shows that the BOD/COD ratio was 0.22 in the inflow and 0.09 in the outflow, suggesting that total OM did not change much in the system. Sindilariu et al. (2009) reported that OM was reduced to very low levels in constructed wetlands. In natural wetlands that have much more complicated shapes and flow conditions, OM is unlikely to be reduced to a very low level. Figure 3(b) shows that the TSS concentrations were reduced significantly in Cell 1 and Cell 2 and were little changed in the three downstream cells. Figure 4(a) presents a box plot for variations of TSS concentrations in the five cells. The most drastic decline was observed in the two upstream wetlands (Cells 1 and 2), in which the average concentration of TSS was reduced from 973 mg/L in the inflow to 133 mg/L in Cell 1 (86.3% reduction), and further to 9.3 mg/L in Cell 2 (99% reduction). Downstream in Cells 3-5, TSS concentrations fluctuated, but remained stable at about 11 mg/L. With a combined HRT of 30 days in Cells 1 and 2, TSS concentration was reduced to the lowest achievable level in the wetlands. Figure 3(d) shows that the changes of TP concentrations in the river and the wetland cells were similar to those for TSS. Falling to the lowest level in December and then rising gradually in a flat "U" shape, TP concentration changes are closely correlated with TSS. The TP content was generally low throughout the system. Figure 4(c) shows that the TP concentration was 0.05 mg/L in the inflow, which is in the Class III (fair) water quality range (MEP-PRC 2002) , it dropped to 0.023 mg/L after Cell 2 (Class II) and remained almost unchanged in the next three cells. As for TSS, the system reduced TP concentration to the minimum in the first two wetland cells, with a combined HRT of 30 days.
TSS and TP
Because sedimentation is the primary mechanism for removal of TSS and TP, these two pollutants may be removed rapidly in wetlands, given ideal hydraulic retention conditions (Schaad et al. 2008) . In this study, TP and TSS were in a stable condition after retention in the first two cells. The TSS removal rate in Cell 1 was as high as 84%. TP retention is often observed to be closely related to TSS, but at a slower rate (Vymazal et al., 2006 , Jing et al., 2008 , Hathaway and Hunt 2010 . The removal efficiencies of TSS and TP appear to be related with a correlation coefficient of 0.67. Figure 3 (c) shows that the seasonal change of TN was moderate. A consistent reduction of TN was observed in the system, as shown in Figure 4(b) . In comparison with the generally low content of TP and OM, the TN concentration was high throughout the system, exceeding the Class V (<2 mg/L) water quality standard. The TN concentration was 6.7 mg/L in the inflow, and was reduced to 3.7 mg/L in the outflow, or a 44% reduction. The reduction of TN appears to be positively related to HRTs, and greater reductions in TN were observed in the larger cells. But the largest cell, Cell 1, had only a moderate reduction (0.5 mg/L) in TN in spite of having the longest HRT of 15.2 days. The second largest cell, Cell 2, reduced TN by 1.58 mg/L with HRT of 10.9 days. We suspect that the high content of TSS (133 mg/L) in Cell 1 hindered growth of phytoplankton and negatively affected TN reduction. The maximum reduction of TN was observed in Cell 2, in which TSS was lowered to 9.6 mg/L. After TN concentration dropped to 4.67 mg/L in Cell 2, only moderate reduction (19.6%) was observed in the following three cells, and a final concentration of 3.76 mg/L was observed in the outflow. The low removal efficiency of TN in Cell 1 may be due to continuous sedimentation, which limited the available reaction space by blocking the flow path. Cells 2-5 were essentially free from the high sediment.
TN
A distinctive feature observed in TN variations in the five wetland cells is that the difference between the maximum and the average TN concentration was small throughout the system, ranging from 1.2 to 1.4 mg/L; while the difference between the average and the minimum concentration was larger, ranging from 1.9 mg/L to 3.2 mg/L. This phenomenon indicates that the time period with lower TN is shorter than that with higher TN.
Total nitrogen in the river water is contributed mainly by agricultural nonpoint-source pollution and discharges of untreated sewage in the upstream part of the Chan River. Onsite control of TN is difficult; a treatment wetland at the headwater (e.g. part of Cell 1) may be needed to lower TN concentration. The irreducible concentration of TN presented by Scheuler and Hollands (2000) is below 2 mg/L, which is much lower than that in most water bodies that are heavily impacted by human activities; thus, a substantial portion of TN has to be removed. Theoretically, the removal efficiency as represented by the areal removal rate decreases as concentration decreases. Table 6 shows the areal removal rates for TN in the five wetland cells. Surprisingly, the first cell had the lowest areal removal rate of 0.0229 mg/L per ha, the second cell has an exceptional highest value of 0.116 mg/L per ha, and the other three had nearly same rate of 0.03 mg/L per ha. Considering the size differences among Cells 2-5, ranging from 5.9 to 14 ha, and the maximum removal rate in the largest Cell 2, cell size appears to have a minor effect on the removal efficiency.
It is generally agreed that denitrification occurs under anaerobic conditions. But Yalcuk and Ugurlu (2009) reportedly observed nitrogen losses in systems with high DO content. This was also true in our study. When a macroscopic scale system is generally in an aerobic condition, localized anaerobic zones may exist inside some soil aggregates and contribute to nitrogen reduction. In our study, denitrification probably occurred within the sediment deposits and soil aggregates in the wetland beds.
Hydraulic efficiency of the wetlands
Wetland hydrology is the most important factor in wetland function, and hydrological monitoring can be easily conducted with conventional methods (Nungesser and Chimney 2006, Wilcox et al. 2006) . For natural water systems, in which water input is from rainfall and output is from ET, the concentrations of pollutants change with the dilution and condensation processes as water is added and lost; hence, reduction of pollutant loading can be achieved through both concentration reduction and flow volume reduction. For the wetlands in our study, the water loss through ET accounts for 8.1% of the total inflow, which would result in about the same change in pollutant concentrations. Thus, increased ET would have a measurable effect on concentration changes.
The hydraulic efficiency affects pollutant reduction, and the existence of "dead zones" in wetlands would reduce the active space for pollutant retention. By studying the hydraulic efficiency of a constructed wetland, Wahl et al. (2010) stated that a single efficiency value is not adequate to describe the whole system. In our study, the length/width ratios of the five wetland cells are 6.9, 5.1, 2.9, 11.0 and 4.2 for Cells 1-5, respectively; these ratios are generally in the range of high hydraulic efficiency (Persson et al. 1999) . Cell 3 has the lowest length/width ratio among the five cells, but it has higher efficiency because of a small island in the middle of the cell.
Some studies showed that smaller wetlands tend to be more efficient than larger ones in terms of water quality improvement per unit area (Moreno-Mateos et al. 2009), but our observations from the five wetland cells resulted in a different conclusion. Dividing a large wetland into smaller ones will inevitably increase the number of inlets and outlets; these increased inlets and outlets will lower the hydraulic efficiency in the adjacent zones, thus reducing the overall hydraulic efficiency of the wetland system.
Conclusions
A constructed wetland system of five cells in series was found to be very effective in retaining pollutants from a river diversion. The inflow has high contents of TSS and TN, and low TP and OM. Substantial reductions were achieved in the wetland system: 99% TSS, 61% TP and 54% TN. Through the wetland cells, 18.4% of the inflow was lost through ET and seepage. If similar systems were adopted and the constructed wetland area were increased to 1% of the total watershed area, potential reductions in pollutant loads would be 33% TN, 33% TP and 54% TSS. Hydrological analysis showed that increasing the wetland restoration area to 1% of the total watershed area would result in 10% loss of the total river flow, which presents a problem in regions with water shortages. About half of the water loss in the wetland system was from ET, which is hard to control; the water loss from deep seepage could be reduced through bottom lining with less permeable materials. The initial concentrations had a profound effect on pollutant reduction. The maximal reductions of TSS and TP were achieved in the first two cells; TN was reduced throughout the system, but the final concentration of TN in the outflow was still above 2 mg/L. As for organic pollutants, the reduction processes were more complicated and the effect of hydraulic retention time appeared ambiguous due to low initial concentration, and the results showed that the COD/BOD ratios changed along the path. The monitored wetland system has an elongated shape which provides high hydraulic efficiency in water quality improvement; the smaller wetland cells did not present higher treatment efficiency as suggested by some studies.
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